A simple model is proposed that simulates the water balance in small-to medium-sized water resource systems (without major storage) and displays the results as flow duration curves so that they can be compared with the standard information available for the Ecological Reserve requirements. The model is designed to account for the impacts of streamflow reduction activities (afforestation), small farm dams and run-of-river abstractions under both present-day and future scenario situations. The paper presents the operation of the model and its data requirements, as well as discussing possible sources of uncertainty associated with either the model approach or the quality of the data inputs. The majority of the uncertainty in the ability of the model to generate reliable results is expected to be associated with the quality of the input data, and specifically the information available on existing water use. It should be noted, however, that any water resource systems model is faced with the same uncertainties and this highlights the need to improve the South African database on existing water use. Without such information, future planning of water allocations will be extremely difficult and highly uncertain.
Introduction
In terms of the National Water of 1998 (NWA, 1998) all existing and future water users will eventually have to be licensed and this licensing process must account for the water requirements of both the basic human needs and Ecological Reserves. In simple terms these are the water requirements that must be met before other users are permitted to abstract water. They are designed to provide a basic source of water to communities living in the vicinity of the resource, as well as ensuring the environmental sustainability of the resource. Utilisable streamflow allocations, in the context of this paper, are therefore the difference between the total natural resource and the requirements of the two Reserves. One of the main difficulties with determining water availability lies in the inherent natural variability of river flows and South Africa is known to have some of the most variable river flow regimes in the world (McMahon, 1979; Görgens and Hughes, 1982) . This characteristic frequently makes it very difficult to design sustainable abstraction schemes and suggests that abstractions for certain purposes can only be permitted with limited levels of assurance. The concept of assurance of water supply becomes extremely important in highly variable flow regimes where there is a great deal of competition for the limited amounts of water that are available during dry periods (dry seasons or drought periods). In simple terms, this concept means that during dry periods users will not be able to gain access to their normal water requirements and will necessarily have to curtail their abstractions. This is clearly the reason why reservoirs are constructed to store water during wet periods and sustain abstractions (from the stored water) during dry periods. The approach to defining environmental water requirements (the Ecological Reserve) in South Africa recognises the natural variability of flow regimes and that some of that variability needs to be preserved to ensure some level of protection for the riverine biota (King and Louw, 1998; Puckridge et al., 1998) . The advantage from a water supply point of view is that the water requirements of the Reserve should be at a minimum when the natural flow is at a minimum and there is the greatest competition for water.
Even without the added complication of allowing for the Ecological Reserve, determining water allocations and associated assurance rules for a range of users distributed throughout a river basin can be a relatively complex process. The Reserve adds to that complexity and one of the criticisms that have been levelled at the Reserve and the outputs of the RDM (resource directed measures) process is that it is very difficult to implement. One of the steps within a typical Reserve determination process is to assess the feasibility of satisfying the Reserve as well as present-day and future water-user requirements (Louw et al., 2000) . Typically, this type of analysis has been undertaken using a system yield model in which the Ecological Reserve is treated as a high priority user and one of the objectives is to identify possible conflicts. This type of approach has proved to be very successful and allows different scenarios of water abstraction and conservation management to be examined and recommendations made to decision makers (including water resource managers and river basin stakeholders). System yield models available within South Africa have been designed to account for a wide variety of basin and water-use configurations including streamflow reduction activities (SFRA -afforestation, for example), reservoirs (and associated abstractions and releases), inter-basin transfers, distributed small farm dams, run-of-river abstractions, return flows (from agriculture and wastewater treatment works) and the Ecological Reserve (Janse van Rensburg and Görgens, 2001) . There is little doubt that models of this type represent the most thorough and appropriate approach to assessing various water resource development options within a basin. However, they can also be time-consuming to establish and require substantial resources in terms of human technical expertise. The constraints of time and human technical expertise would be unlikely to be an issue in relatively large systems, where complex water resource planning and management issues necessarily require complex solutions. However, the strict implementation of the National Water Act of 1998 suggests that regional water resource managers are required to make decisions about new water abstraction licence applications on a routine and regular basis. Frequently, these decisions will be required in smaller basins where a systems yield model has not yet been established and where there are constraints of time, budget and human resources. This paper proposes a simple approach that is based on the best available information and that does not require either a great deal of time or technical expertise to obtain an approximate assessment of the feasibility of granting a new licence for river water abstractions or an SFRA. It is not proposed as a competing alternative to more complex system yield models, but should rather be viewed as a preliminary analysis method that can be used in relatively small and simple water resource systems.
The model is designed to account for three types of water use; streamflow reduction activities (afforestation), the effects of distributed farm dams and associated abstractions and run-ofriver abstractions. The model is not designed to account for the operation of major dams that might involve controlled releases of low and high flows. It is assumed that, in such situations, a system yield model would have already been established as part of the reservoir design phase and therefore that the simple model proposed here would not be appropriate. Despite the number of major reservoirs that exist within South Africa, there are still many catchments where a model of this type can be considered applicable.
Data requirements and availability
One of the critical issues associated with the design of a simple model that can be easily applied by a wide range of users is that it should be based on data that are readily accessible. In terms of a model designed to assess water availability and use, the following categories of information will be required:
• A time series of natural monthly flow. The WR90 (Midgley et al., 1994) database provides these data for all quaternary catchments in the country, while Hughes (2004a) has offered some suggestions for scaling the WR90 data for subquaternary scales.
• Data that define the Ecological Reserve requirements.
The standard approach to distributing the results of an Ecological Reserve determination is a table, for each calendar month, of flows required with 10 levels of assurance (see later section of this paper). Separate tables are provided for the full Reserve requirement (high and low flows) and for just low flows. These tables can also be generated by the Desktop Reserve Model that represents a rapid approach to generating a low confidence estimate using regional parameters.
• Information on existing SFRA and water uses in the catchment. This should include all run-of-river abstractions as well as farm dams (with associated catchment areas, volumes and abstractions). There is little doubt that these are the information requirements that will frequently be difficult to satisfy, although the development of the WARMS (Water Use Authorisation Management System) database by the Department of Water Affairs and Forestry (DWAF) should address this issue in the future.
• Information about future planned water uses in the catchment. This information will normally be available as it will be required as part of a licence application.
The water abstraction information should include annual volumes of water use (at different levels of assurance, where relevant and available), as well as the seasonal distribution. The annual volumes appear to be captured on the WARMS database, while seasonal distributions can be estimated from the type of water use (domestic, irrigation, industry, etc.) . With respect to irrigation water use, the SAPWAT model (Crosby and Crosby, 1999) could provide an estimate of the seasonal distributions of typical water use if the crop type is known.
Basic modelling concepts
To keep the model as simple as possible it was originally decided to base the estimations of present day and future conditions on modifications to the natural calendar month flow duration curves (FDCs). FDCs have been used extensively in hydrological and water resource analyses, both in South Africa, as well as elsewhere (Browne et al., 2005; Lane et al., 2005; Smakhtin et al., 2006 ). An additional motivation for basing the model on the analysis of FDCs is the fact that they are used to define Ecological Reserve requirements in South Africa . or is the standard format of information supplied from the RDM Office of DWAF. Runof-river water uses are normally defined as requirements with different levels of assurance. The irrigation requirement line in Fig. 1 is based on a normal March requirement (with 80% assurance of supply) of 0.5x 10 6 m 3 , but with an assumed curtailment to 50% of normal with an assurance of 90% and zero supply for the remaining 10% of the time. The domestic supply line is based on a demand of 0.3 x 10 6 m 3 that is met 80% of the time. It is further assumed that decreases of 10% and 20% will be achieved through restrictions during drought periods of different magnitudes. The assumption in the model is that curtailments of run-of-river abstractions will be based on the volume of natural flow in the river using the FDC % points.
Flow duration curves and assurance or operating rules
It should be clear that most of the water resource components in relatively simple situations can be reduced to FDCs or assurance rule curves, which are fully compatible with each other given the assumption that curtailments and restrictions on supply are driven by the drought flow status of the river. If the irrigation and domestic requirement lines were to be added to the Reserve line the result would be a total flow 'requirement' (it is assumed that the Reserve is the requirement at the outlet of the catchment and that the other requirements are fully utilised within the catchment). This could then be compared with the total available water, or the dashed line. If the two cross, this simple analysis would indicate that there is not enough water to satisfy all requirements.
Small farm dams
As part of the development of this simple model, the results of simulating various configurations of farm dams (storage volumes, contributing catchment areas, seasonal abstraction patterns) in a variety of quaternary catchments with different flow regimes using a hydrological model (the monthly Pitman model) have been analysed. The intention was to identify patterns of flow duration curve impacts that could be generalised on the basis of the flow regime type and the farm dam/abstraction characteristics. It was not possible to find any patterns that could be reliably generalised and it was therefore considered necessary to adopt a time series simulation approach to estimating the effects of farm dams and associated evaporation and abstraction losses.
The modelling process
The first step in the modelling process is to convert the time series of natural monthly flow data (from WR90) to calendar month FDCs. The revised SFRA database (Gush, 2005) is then used, together with user-supplied present-day afforestation information (% of the catchment covered by pines, eucalypts and wattle as well as the soil depth type -see Fig. 2 ), to generate reduction factors for 17 FDC percentage points (0.5, 1, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 85, 90, 95, 99, 99.5) .
The second component of the model performs simple water balance calculations on the time series of natural flows given the user-supplied small farm dam information. The natural flow in each month of the time series is interpreted as an FDC % point (using the calendar month FDCs) and the appropriate forestry reduction factor applied. The resulting flow multiplied by the fraction of the catchment contributing to farm dams becomes the dam inflow, while the monthly abstraction determines the losses from the dam. Any overflows are combined with the natural flow (reduced by the forestry reduction factor) from the remaining fraction of the catchment. To reduce data input requirements, evaporation losses and rainfall on the dam surface are not explicitly accounted for in the model. If it is considered necessary to include evaporative losses, net evaporation (mean monthly potential evaporation minus mean monthly rainfall) could be incorporated into the annual dam abstraction parameter and the seasonal distribution (Fig. 2) . While spatial coverages of small farm dam information are available and additional information on abstraction from farm dams is available from WARMS, neither of these provide the required information in a suitable format. It will therefore be relatively difficult to quantify the farm dam parameters of the model from existing information. The next part of the model process for the present-day scenario is to calculate the appropriate run-of-river abstraction for each month from the appropriate abstraction parameter (based on the assurance level defined by the natural flow calendar month FDC % level) and the seasonal distributions. It is important to note that the basis for selecting the appropriate abstraction assurance level is the % point on the specific calendar month FDC (i.e. the FDC constructed from only the flows in that calendar month) and not the period of record FDC (i.e. the FDC constructed from all flows in the time series). If the latter were to be used, it is inevitable that in strongly seasonal flow regimes all the curtailments would occur in the dry season.
One of the issues associated with using monthly flow data that has been frequently recognised is that not all of the volume of flow within a month is available for run-of-river abstraction when there is little or no storage involved. This is because the majority of the volume associated with high flows during the month will not be accessible to abstractors. There are two approaches to resolving this issue:
• Disaggregate the monthly flow into daily flows and perform the analysis on the daily flows • Separate the total monthly volume (after the impacts of afforestation and farm dams) into the high-flow and lowflow components and assume that only the low flows are accessible to the run-of-river abstractors Any method of incorporating the former approach into the software will almost certainly depend on representative daily flow data, which may not be available for many areas of the country. In contrast, default parameters of a monthly, digital filtering, baseflow separation process have already been established for all quaternary catchments in South Africa . The monthly total flows remaining after afforestation and farm dam impacts are therefore subjected to baseflow separation and the run-of-river abstractions deducted from the baseflows only. The separated high-flow component can then be added back to generate the final modified time series after the effects of all three water uses (afforestation, farm dams and run-of-river abstractions) have been accounted for. The final time series is then reduced to 12-calendar month FDCs for display purposes. The whole analysis is repeated for the future scenario and the end result is a set of calendar month FDCs for natural-, present-and future-flow scenarios that can be compared with the Reserve requirements expressed in the same way.
The application environment
The simple model has been implemented as part of the SPAT-SIM modelling framework (Hughes, 2004b) . The use of SPAT-SIM facilitates access to default information (natural flow time series, forestry reduction factors, Desktop Reserve Model results and parameters, etc.) and a facility for storing the wateruse parameters. If additional natural flow data, or alternative Reserve requirement information, need to be generated the necessary models have already been incorporated as part of the framework. SPATSIM also contains a facility for recording metadata within memo type attributes that can be used to store comments about data sources and quality. A link to existing WARMS data is also currently under development which will eventually allow information within the WARMS database to be aggregated to the catchment scale. Figure 2 illustrates that an option of showing the results for total flow or baseflows only has been included in the software. Selecting either of these options does not affect the way in which the model runs, but potentially affects the interpretation of the results. For example, if the specified run-of-river abstractions cannot be met by the low-flow component of the monthly flows, this does not mean that the total modified flow in that month will be zero. It does, however, mean that the low flow will be zero and this feature will only be identified correctly if the 'Baseflows only' display option is selected. It follows that if this option is selected, the 'Excluding high flows' Reserve requirements display option should also be selected and this is done automatically. If time series of present-day conditions (and/or a future scenario) have been generated by a different model, these can be incorporated into the input data and this model used to display the results as FDCs. Figure 3 shows a grey scale screen copy of the output of the model (which is displayed with a colour coded key on the The right-hand side shows the results for all months at one selected FDC % point (the line orders are the same). These graphs can readily be used to interpret the impacts of the present day and future scenario in various ways:
Display options and results interpretation
• If either the present-day or future scenario FDCs cross (are lower than) the Reserve requirement line, it is apparent that the Reserve would not be met if the specified abstractions were to be permitted.
• If the length of time of zero flow for the present-day or future scenario FDCs is greater than the zero flow duration of the natural FDC, it is clear that the specified abstractions (and associated assurances in the case of the run-of-river abstractions) are not possible, regardless of the Reserve requirements.
• If there is an impact due to alien vegetation (wattle, for example), the future scenario could include a reduction of this area through clearing and the results used to assess the additional water available to other users.
The display screen includes buttons that allow the graphs to be printed or saved as graphics files for use in a report, as well as a facility to output the results as a text file for further processing, e.g. in a spreadsheet program. There is also an option to display some decision support information (Fig. 4) . This screen analyses the difference between the selected scenario FDCs (presentday or future) and the Reserve requirement and presents these differences for 5 FDC % points (50, 70, 80, 90 and 99) . Zero or negative differences are reported as a problem, while those months where the Reserve is within 75% of the present-day flow, or within 90% of a future scenario flow are identified as potential problems.
Sources of uncertainty
With any model used in water resource management decision making it is of great importance to recognise the sources of uncertainty that are inherent in the use of the model. The sources of uncertainty may be associated with the modelling approach or with the quality and accuracy of the input data. With respect to the former, the main uncertainty in the model formulation lies in the simple water balance approach used for assessing the impacts of farm dams. A further source of uncertainty in the modelling approach is associated with the use of a monthly time step and the fact that run-of-river abstractions are assumed to be evenly distributed throughout the month. The other sources of uncertainty will be largely associated with the input data.
• It is assumed that the default natural flow data will be the time series available from the WR90 database. These are simulated data based on model calibrations against a limited amount of available observed streamflow data which were subjected to a process of naturalisation. There are inevitably uncertainties in the naturalisation process as well as the regional calibration of the model parameters. These uncertainties are difficult to quantify and will be highly variable across different parts of the country. However, it is important to note that the results of the model presented in this paper will be very dependent upon the accuracy of the lowflow simulations. It is also important to note that the same flow data time series will almost certainly have been used in the Reserve determination process and any errors will have been propagated into the Reserve requirements.
• Additional uncertainties will exist in the Reserve requirement data, depending upon the degree of confidence in the Reserve determination process. If a comprehensive or intermediate determination had been undertaken, it may be assumed that reasonable confidence can be expressed in the Reserve data, as they will have been checked against the best available biological information. At the other end of the scale, it is accepted that estimates using the Desktop Reserve Model with default regional parameters will contain a much higher degree of uncertainty.
• The forestry reduction factors are based on the outputs from a hydrological simulation model (Gush et al., 2002) and are subject to a relatively high degree of uncertainty due to the lack of observed data on forestry impacts at the quaternary catchment scale. The data are provided as reductions for 100% forest cover under three different soil-depth categories. There will be uncertainty associated with the assumption of a specific soil depth category, as well as the linear scaling method used for less than 100% spatial coverage of forest. The SFRA reduction factors are based on running the ACRU model (Schulze, 2000) for natural baseline conditions and for the different forest coverages. However, there is a degree of uncertainty associated with the fact that baseline conditions assumed for the ACRU model simulations could be different to the baseline (or natural) conditions assumed during the naturalisation process undertaken during the WR90 study.
• The other sources of uncertainty are associated with the ability of the model user to accurately define the presentday water uses within the catchment and represent these in an integrated way using the simple model parameters. As already indicated, it is apparent that the information available on 'real' existing water use in many parts of the country is sadly lacking or inaccurate. This is one of the main stumbling blocks facing the successful implementation of a model of this type and it appears to be a problem that is widely recognised and accepted by many regional water resource managers (Hughes, 2004b) . While the WARMS database represents a serious attempt by DWAF to address this issue, it is apparent that limitations exist in terms of staff resources and the willingness or ability of existing water users to supply accurate information.
Most of these sources of uncertainty are equally applicable to any of the available system yield models that also operate on a monthly time step and are reliant upon the same or similar sources of information. Perhaps the major difference is that there is an expectation when applying a complex model that a substantial amount of the time involved in establishing the model application will be spent on data collection and checking, while the model discussed here is meant to be applied easily and quickly. Although it cannot be stated categorically, it is unlikely that the sources of uncertainty are additive. For example, if the low flows of the natural hydrology are over-estimated, the application of the Desktop Reserve Model will result in excessive low-flow requirements. The difference between them (i.e. the water available for abstractions) might therefore be similar if the low flows had not been over-estimated. It is frequently assumed that the volumes of existing water use in the WRMS database are over-estimates, an assumption based on the premise that existing water users have over-stated their use to protect their future sources. If this is in fact the case, it will result in future applications for water use suggesting that there is too little water available and a more detailed analysis of the 'real' situation will be required to evaluate an abstraction licence application. While this may involve more investigative work before regional water managers can finalise licence applications, at least it is unlikely to lead to over-allocation and associated problems.
Discussion and conclusions
It should again be emphasised that the model discussed in this paper is only appropriate for small-to medium-sized water resource systems that are relatively homogeneous from a hydrological response point of view and that do not include any major water storage components that can be used to supplement low flows with controlled releases. With that constraint in mind, it should offer a rapid method for evaluating a present-day situation (to assess, for example, whether a defined Ecological Reserve is able to be satisfied), as well as being able to evaluate possible future scenarios (to undertake a preliminary evaluation of a licence application for abstractions or SFRAs, for example).
One of the main limitations with respect to the application of the model is the lack of adequately accurate and readily accessible information on existing water uses. If these data were available at a quaternary scale for the whole country and incorporated into an existing SPATSIM application, the value of the proposed model would be increased substantially. It should, however, be recognised that this limitation applies to any water resource system model that could be used for the same purposes as this model is intended. This paper has focused on the development of the model, rather than providing examples that test the capabilities of the model. Any future tests of the model will necessarily have to account for the input data uncertainties referred to above. However, it should be possible to find suitable catchments where the model can be tested. The ideal situation would be where a long record of gauged flows exists and where water resource developments (abstractions and SFRA) have changed the flows from being close to natural to highly modified.
One improvement that could be considered is to add the effects of groundwater abstractions on surface water resources. There is still a great deal of uncertainty about how this could be achieved in such a simple model in a realistic manner. However, the developments that have been made in terms of adding more explicit groundwater functions to the widely used Pitman monthly model (Hughes, 2004c; Hughes and Parsons, 2005) offer an opportunity to investigate simplified methods of linking groundwater abstractions to impacts on low flows in rivers.
A final point is that if a model of this type is to be acceptable to a wide range of users, it is essential that it is linked to input data sources that are accepted as being the 'best' available. This is the main reason for making use of WR90 flow data (or the most recent update within a specific region), Ecological Reserve data in the format distributed by the DWAF RDM Office, the Gush SFRA data and WARMS data (where possible) on existing water uses. As one or more of these data sources are updated and improved by other groups, the results that are generated by this simple model will be similarly improved.
